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one of the largest families of membrane proteins that are found in all three phyla
of life. Mitochondria comprise up to four ABC systems, ABCB7/ATM1, ABCB10/MDL1, ABCB8 and ABCB6.
These half-transporters, which assemble into homodimeric complexes, are involved in a number of key
cellular processes, e.g. biogenesis of cytosolic iron–sulfur clusters, heme biosynthesis, iron homeostasis,
multidrug resistance, and protection against oxidative stress. Here, we summarize recent advances and
emerging themes in our understanding of how these ABC systems in the inner and outer mitochondrial
membrane fulfill their functions in important (patho) physiological processes, including neurodegenerative
and hematological disorders.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction
ATP binding cassette (ABC) transporters belong to one of the most
abundant families of integral membrane proteins found in all three
kingdoms of life. Members of the ABC family play a major role in many
cellular processes and mediate the active transport of a vast variety of
solutes (e.g. amino acids, polysaccharides, peptides, lipids, drugs,
antibiotics, toxins) across cellular membranes [1,2]. Although ABC
proteins are represented in all organisms analyzed so far, their
expression profiles and substrate specificities are highly diverse and
differ in dependence of the specific cellular growth requirements and
environmental influences. For instance, the genome of Agrobacterium
tumefaciens encodes for 153 ABC proteins [3,4], while in Saccharomyces
cerevisiae and human, 22 and 45 ABC transporters are present [5,6].

ABC transporters can be divided into two classes: i) ABC exporters
that mediate e.g. the extrusion of toxic compounds (self-defense), and
ii) ABC importers that primarily function as uptake systems for
nutrients (metabolism). ABC importers typically recruit an extra
substrate-binding protein that complexes the solute and hands it
over to an outward-facing conformation of the ABC importer [7]. In
eukaryotes, ABC transporters are located in the plasma membrane as
well as in intracellular membranes of the endoplasmic reticulum (ER),
the Golgi apparatus, lysosomes, peroxisomes and mitochondria.
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Almost all eukaryotic ABC transporters function as exporters by
translocating a wide range of unrelated substances across cell
membranes to an external compartment (lumen of the ER, peroxi-
somes, lysosomes, Golgi, or inner mitochondrial space). Their
functions are linked to important cellular processes. In S. cerevisiae
and other fungi, several ABC proteins mediate resistance against
antimicrobial compounds and stress conditions [6]. Human ABC
proteins are involved in a number of (patho) physiological processes,
such as ion homeostasis of epithelial cells (cystic fibrosis transmem-
brane conductance regulator, CFTR), the regulation of insulin release
from pancreatic beta cells (sulfonylurea receptor, SUR1/2), bile acid,
lipid and cholesterol secretion, or antigen processing and presentation
(TAP1/2). In addition, ABC transporters play a prime role in extruding
chemotherapeutic drugs causing multidrug resistance of cancer cells.
In this review, wewill focus onmitochondrial ABC transporters, which
regulate mitochondrial and cellular processes. According to the
endosymbiotic theory, mitochondria developed from α-proteobacteria,
in particular Rickettsiales that had become enclosed by Archaea early in
evolution. Surprisingly, mitochondria harbor only a limited number of
up to four ABC transporters compared to bacteria. In addition,
mitochondrial ABC proteins have no homologues in bacteria; except
the ones found in Rickettsiae and related bacteria. Furthermore, the role
of ABC transporters in mitochondria appears to be very different from
those in bacteria, leading to the suggestion that the mitochondrial ABCs
evolved rather specific functions in the eukaryotic cell.

2. Mitochondrial ABC systems — a first inspection

Mitochondria are dynamic organelles that are involved in a
number of essential cellular processes (Fig. 1). They play a focal role
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Fig. 1. Mitochondrial functions and mitochondrial ABC transporters.
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in energy metabolism as the majority of the cellular ATP is generated
via oxidative phosphorylation. Mitochondria are further involved in
regulation of cellular iron homeostasis including the biogenesis of
iron–sulfur clusters as well as heme biosynthesis. In addition,
mitochondria are the major source of reactive oxygen species (ROS),
which play a key role in ROS signaling and aging, but can also lead to
Fig. 2. Phylogenetic analysis of mitochondrial ABC transporters. Members of the subfamily A
phylogenetic tree was drawn by Geneious Pro 4.5. The sequence alignment including the ac
severe cell damage. In higher eukaryotes, mitochondria play a major
role in the regulation of apoptosis. Based on these vital processes,
human diseases are linked to mitochondrial dysfunction. For instance,
a reduced ATP level is associated with Parkinson's and Alzheimer's
disease [8,9], while mutations in mitochondrial DNA can cause MELAS
(Mitochondrial Encephalopathy and Lactic Acidosis with Stroke like
episodes) or Leigh's syndrome [10,11]. Dysfunction of mitochondrial
ABC proteins is directly linked tomitochondrial diseases. For example,
the mitochondrial ABC transporter ABCB7 is involved in cellular iron
homeostasis and causes a rare type of X-linked sideroblastic anemia
with cerebella ataxia (XLSA/A) [12]. In addition, ABCB7 may play a
role in RARS (Refractory Anemia with Ring Sideroblasts) [13], a
myeloid malignancy that can transform to acute leukemia. Another
mitochondrial ABC transporter ABCB8 appears to protect cells against
ischemia and oxidative stress and is therefore predicted to have a
cardio protective role in humans [14].

To date, four members of mitochondrial ABC systems have been
identified, which most likely act as exporters. ABCB7/ATM1, ABCB10/
MDL1 and ABCB8 are ABCB10/MDL1 and ABCB8 are localized in the
inner mitochondrial membrane, while ABCB6 is found in the outer
mitochondrial membrane. Mitochondrial ABC proteins belong to the
BCB7/ATM1, ABCB10/MDL1/2, ABCB8 and ABCB6 were aligned by ClustalW2 [87]. The
cession number can be obtained from the authors.
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subfamily B (MDR/TAP subfamily), including the multidrug transpor-
ter MDR1 (P-glycoprotein; ABCB1), the antigen transport complex
TAP1/2 (ABCB2/3), and the yeast mating factor transporter Ste6. In
baker's yeast, ATM1 (YMR301C), MDL1 (YLR188W) and MDL2
(YPL270W), which are localized to the inner mitochondrial mem-
brane, can be divided into two classes based on their structural and
functional properties: ATM1 is involved in regulation of cellular iron
homeostasis and in cytosolic iron–sulfur cluster biogenesis [15]. The
two closely related yeast proteins MDL1 and MDL2 represent the
second class of mitochondrial ABC proteins. MDL1 has been proposed
to be a peptide exporter similar to TAP1/2 [16], whereas the function
of MDL2 is unknown. Homologues of these yeast mitochondrial ABC
proteins are found in all eukaryotes (Fig. 2). In mammals, ABCB7 and
ABCB6 (MTABC3) have been identified as close homologues of ATM1,
implying a putative role of both proteins in regulation of iron
homeostasis, while ABCB8 (M-ABC1) and ABCB10 (M-ABC2, ABC-
me) are homologues of MDL1 and MDL2.

3. Structural organization of mitochondrial ABC transporters

Mitochondrial ABC proteins exhibit the archetypical domain
organization of ABC transporters, which consist of two transmem-
Fig. 3. Structural organization of mitochondrial ABC transporter. A 3D homology model of the
Each half-transporter (cyan and green) was modeled on the corresponding subunit of the A
MDL1 and other homologous was aligned with that of Sav1866 using ClustalW2 (see Fig. 2)
31% sequence identity. Each MDL1 subunit was modeled separately by means of MODELL
interface and refined to remove steric clashes [89]. In the 3D model (side view A), the NBD
opened to the ER-luminal site, reflecting an outward-facing conformation (view C). The mo
brane domains (TMDs) that provide the passageway of solutes across
the membrane and two nucleotide-binding domains (NBDs) that
energize the directional transport by cycles of ATP binding and
hydrolysis (Fig. 3). In general, the two TMDs and two NBDs are
encoded by one, two, three or four genes. ABC exporters are organized
as full and half-transporters, where one TMD is fused to one NBD. In
the latter case, either two identical or two different half-transporters
must assemble in order to form a functional homo or heterodimeric
complex. In addition, full-length ABC transporters, such as the
multidrug resistance protein (MDR1, ABCB1) comprising a single
polypeptide chain, are frequently found in eukaryotes. In contrast,
bacterial ABC import systems, such as the vitamin B12 transporter
BtuC2D2 or the maltose permease MalK2FG from Escherichia coli, form
a heterotetrameric complex [17,18]. Remarkably, all mitochondrial
ABC transporters examined so far assemble as homodimers of half-
transporters [19,20]. A cleavable N-terminal mitochondrial targeting
sequence is fused to the TMDs, mediating the posttranslational import
of the membrane protein. In contrast and notable exception, the
mitochondrial CcmA/B complex found in Arabidopsis thaliana shows a
domain organization similar to bacterial ABC importers [21].

ABC exporters usually feature a core domain of 2×6 membrane
spanning α-helices that align the translocation pathway for solutes.
homodimeric MDL1 complex was constructed based on the X-ray structure of Sav1866.
DP-bound S. aureus Sav1866 homodimer (2HYD.pdb) [25]. The amino acid sequence of
. The alignment for mature (leader sequence-less) MDL1 [55] against Sav1866 revealed
ER v9.3 [88]. The half-transporters were dimerized to reproduce the Sav1866 subunit
s form a sandwiched dimer by bound ATP (space filling model, view B) and the TMDs
dels are created by PyMOL.
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Exceptions, such as the antigen transporter TAP1/2 (ABCB2/3) and
TAPL (ABCB9), which cover an extra N-terminal TMD0 composed of
four transmembrane helices acting as interaction hub, presumably
developed late in evolution [22–24]. As revealed in the X-ray structure
of the Staphylococcus aureus ABC exporter Sav1866 [25] and the 3D
homology model of the yeast ABC transporter MDL1 (Fig. 3), the two
TMDs are intertwined, where each ‘wing’ consists of helices TM1–TM2
from one subunit and TM3–TM6 from the other subunit. Notably, the
transmembrane helices are connected by long, mostly α-helical
cytosolic loops, which interact with the NBD of the opposite subunit
via a short coupling helix. In the ATP-bound state, where both NBDs
are in close contact to each other, the TMDs are arranged in an
outward-facing conformation, in which the cytoplasmic site is closed
while the extracellular part is open. This unique arrangement was also
seen in the X-ray structure of the bacterial lipid ABC exporter MsbA,
which was solved in three different conformations at lower resolution
[26]. This structural analysis indicates large conformation changes,
which may be required for solute translocation. Single particle EM
analysis of the yeast mitochondrial transporter MDL1 revealed that
the NBDs are separated, reflecting a V-shaped, inward-facing
conformation [20]. Whether these large conformational changes are
snapshots of different physiological states remains to be corroborated
by future biochemical and biophysical approaches.

In contrast to the diverse structural organization of the TMDs of
ABC systems, the NBDs are highly conserved, indicating that the
mechanism of the NBDs in ABC importers and exporters are similar
(Fig. 4). All NBDs of ABC systems contain the conserved Walker A
(G–X–X–G–X–G–K–S/T) and Walker B motifs (Φ–Φ–Φ–Φ–D, where
Φ represents a hydrophobic residue) [27], which mediate ATP
binding [28–33] and coordination of the Mg2+ ion in the nucleo-
tide-binding pocket [29,33,34]. A conserved glutamate, one residue
downstream of the Walker B motif, acts as catalytic base [31]. This
glutamate coordinates a water molecule that is proposed to attack
the γ-phosphate of ATP [31,33,35]. The Q, D, and H-loop as well as the
ABC signature motif (L–S–G–G–Q), also called the C-loop, is present
Fig. 4. The ATP hydrolysis cycle based on the processive clamp model. The hydrolysis cycle
homodimeric MDL1 complex [42–44]. ATP and ADP are depicted as space filledmolecules, an
red in the nucleotide free state. The models are schematic and created by PyMOL based on
in the NBD of ABC proteins [36]. The ABC signature motif, the
hallmark of ABC proteins, connects the two NBDs via the bound
nucleotide [35,37]. It is proposed that the Q-loop mediates the
contact between NBDs and TMDs, while the D-loop is part of the
contact interface between the two NBDs. The H-loop, also called
switch region, consists of a conserved histidine that is proposed to be
involved in the catalytic reaction [38].

X-ray studies of isolated NBDs, e.g. E. coliHisP [39], MalK [32], HlyB
[38,40], Sulfolobus solfataricus GlcV [33], human TAP1 [30], and mouse
CFTR [41] revealed that their structures are remarkably similar. Each
NBD forms an L-shapedmolecule that consists of two subdomains, the
RecA-like (arm I) and a helical domain (arm II). The highly conserved
Walker A and B motifs, as well as the H- and Q-loops are arranged in
arm I, while the C-loop motif is localized in arm II (Fig. 4). Binding of
ATP induces the dimerization of the two NBDs in a head-to-tail
orientation, in which two ATPs are bound at the interface of the two
monomers between the Walker A motif from one monomer (cis-site)
and the C-loop (ABC signature) of the other monomer (trans-site)
[31,35,37,42]. Comparing the different NBD structures, the largest
conformational changes upon ATP binding and dimer formation
occurs in the Q- and D-loop. ATP binding results in a rigid body
movement of arm I towards arm II, while only minor differences are
seen between the ADP bound and nucleotide free states.

4. Mechanism of ATP hydrolysis and transport

Despite detailed insight into the structure of ATP-binding cassettes,
the mechanism of ATP hydrolysis and its coupling to vectorial
transport across the membrane is still poorly understood. The
mitochondrial ABC transporter MDL1 were instrumental to resolve
the ATP hydrolysis cycle of isolated NBDs [42–44]. By using BeFx
trapping experiments as well as a MDL1 mutant with 1000-fold
decreased ATPase activity as compared to wildtype, the formation and
dissociation of the NBDs coordinated by nucleotides could be followed
in single turnover experiments [42]. By tracing the molecular events
is derived from single turnover experiments of isolated NBDs (blue and cyan) of the
d colored red and yellow, respectively. TheWalker A, B and C-loopmotifs are indicated in
the homology model of MDL1 (see Fig. 3).
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with [α-32P] and [γ-32P] ATP, three different intermediates of the NBD
dimer could be resolved, which either contain two ATPmolecules, one
ATP and one ADP, or two ADP molecules trapped by BeFx. Based on
these data, a model of sequential hydrolysis (processive clamp) was
proposed (Fig. 4). The hydrolysis cycle starts when ATP binds to each
monomeric NBD. ATP binding is followed by dimerization of the two
NBDs and sequential hydrolysis of both ATPs. After phosphate release,
the dimer dissociates, leading to ADP release and exchange with ATP
[42–44].

How the chemical energy of ATP is transferred to conformational
changes of the TMDs is one of the key questions. Based on the X-ray
structure of the full-length vitamin B12 ABC importer BtuC2D2, Locher
et al. proposed that the region surrounding the Q-loop mediates a
non-covalent interaction with the TMD [17]. This contact region,
which appears to be architecturally conserved in ABC systems, is
called the “transmission interface” and consists of coupling helices
from the TMD that are embedded in a groove on the surface on the
NBD. After ATP binding and dimerization of the NBDs, the distance
between these coupling helices is decreased leading to a flipping from
an inward to an outward-facing conformation (alternating access
model). In ABC exporters, such as the mitochondrial ABC systems, the
solute should be released to the opposite site of the cytosol or matrix
(see Fig. 3), while bacterial import systems take up the solute from
their docked binding proteins. At the end of the hydrolysis cycle, the
TMDs flip back to the inward-facing conformation, followed by either
recruitment of substrate in export systems or substrate release in
import systems [45,46].

5. Posttranslational targeting of mitochondrial ABC proteins

Mitochondria contain about 800 to 1500 different proteins [47,48]
whereas the vast majority of these (N98%) are nuclear encoded. They
are synthesized as precursor proteins by free ribosomes and after-
wards transported via the translocase of the outer membrane (TOM)
into the organelle. To date, four classes of mitochondrial precursor
proteins that enter the mitochondrial compartments by different
import routes are identified. Integral membrane proteins can be
translocated into the inner membrane via two transport mechanisms,
the presequence pathway and the carrier pathway. For entering the
presequence pathway inner membrane proteins possess a cleavable
N-terminal mitochondrial targeting (leader) sequence, characterized
by a positively charged amphipathic α-helix that is followed by a
hydrophobic sorting signal. In contrast some integral membrane
proteins, like the ADP/ATP carrier, comprise largely uncharacterized
internal targeting signals, leading to integration into the inner
mitochondrial membrane via the carrier pathway (for review see
[49–52]).

ABC transporters possess highly hydrophobic TMDs and are thus
predicted to enter the secretory pathway by co-translational insertion
into the ER membrane. However, recent studies showed that the
mitochondrial ABC transporters ABCB10 (ABC-me), ABCB7, and MDL1
are translated and partially folded in the cytosol, posttranslationally
targeted to mitochondria and subsequently integrated into the inner
mitochondrial membrane [53–55]. Remarkably, these ABC transpor-
ters display an unusual long N-terminal mitochondrial targeting
sequence of 40–120 residues, which is dominated by positively
charged amino acids [53–55]. A 59 amino acid long mitochondrial
leader sequence was identified for MDL1, which is cleaved in the
matrix during the posttranslational import [55]. Similarly, the mouse
homologue ABCB10 comprises an exceptionally long leader sequence
of 105 residues [54]. Here, the N-terminal part is critical for correct
import, while the central region is essential for mitochondrial
targeting. Notably, deletion of the leader sequence reroutes the ABC
transporter MDL1 and ABCB10 to the ER membrane [54,55].
Importantly, these ABC proteins still form homodimeric complexes
with functional and structural properties similar to the mitochondrial
ABC transporters [54,55]. Interestingly, fusion of the leader sequence
of mouse ABCB10 to the multidrug transporter MDR1 mediates a
switch from co-translational ER targeting to post-translational
mitochondrial import [56]. In contrast, the leader sequence of a
soluble matrix protein as well as the deleted version of the ABC-me
presequence could not guide ABC proteins to the inner mitochondrial
membrane, showing that the unusual long leader sequence of these
proteins is necessary for correct import and integration into the inner
membrane [56]. However, the mechanistic details of the targeting
sequence of mitochondrial ABC transporters are presently not known.
It is proposed that the amount of positive charged amino acids, the
unusual length, and/or a specific higher structure of the N-terminal
domain are essential to avoid entering the classical secretory pathway,
leading to efficient posttranslational import of hydrophobic mem-
brane proteins into the inner mitochondrial membrane [54–57].

Most remarkably, ABCB6 is the only known ABC protein that
resides in the outer mitochondrial membrane [58]. However, ABCB6
was also found in the classical secretion pathway, including the ER
membrane, the Golgi apparatus and plasma membrane [59,60]. So far,
it is unclear how ABCB6 is specifically targeted to different subcellular
compartments. It has been proposed that specific structural require-
ments and not a specific amino acid sequence are necessary for
integration of ABCB6 intomitochondria [59], as it was shown for other
proteins that traverse the outer mitochondrial membrane [61].

6. ABCB7/ATM1 is essential for cytosolic iron–sulfur cluster
biogenesis and iron homeostasis

ATM1 (ABC transporter of mitochondria) was the first mitochon-
drial ABC transporter to be identified [62]. The 70-kDa protein (690
aa) forms a homodimeric complex in the inner mitochondrial
membrane [19,62]. Yeast cells lacking ATM1 show a severe growth
phenotype. They are only able to grow on fermentable carbon sources,
suggesting a loss of oxidative respiration [62,63]. In addition,
depletion of ATM1 results in 30-fold higher accumulation of
mitochondrial iron [63]. Due to the redox properties of the non-
ligated iron, reactive oxygen species are formed. In consequence of
oxidative stress, a series of secondary effects occur in ATM1 depleted
cells, causing the loss of the mitochondrial DNA (rho0 phenotype), an
increased content of glutathione, and deficiency of apo forms of heme
proteins [62,63]. In contrast to the iron accumulation in the matrix,
ATM1 depleted cells show evidence for starvation of cytosolic iron
[64]. By tracing the incorporation of 55Fe into the cytosolic iron–
sulfur protein LEU1, Lill et al. could demonstrate that ATM1 plays a
key role in maturation of cytosolic Fe/S cluster proteins [15], some of
which are essential for yeast [65]. Taken together these results imply
that ATM1 is involved in regulation of cellular iron homeostasis.

The global transcriptional responses to ATM1 depletion in S.
cerevisiae were analyzed by DNA microarrays. Defects in ATM1 or
other compounds of the iron–sulfur cluster assembly system strongly
induce transcriptional response of more than 200 genes. ATM1
depletion activates the iron-responsive transcription factors AFT1/2,
which regulate the high-affinity uptake of iron into the cytosol. As a
second consequence, respiration and heme metabolism are repressed
in cells lacking ATM1. Furthermore, genes involved in glucose
acquisition are up-regulated to compensate the respiratory deficien-
cies of ATM1 depleted cells. Taken together, these data underline a role
of ATM1 in the biosynthesis of heme and iron–sulfur clusters, and
cellular iron homeostasis in general [66].

Despite its essential function in a number of physiological
processes, the physiological substrate of ATM1 has unfortunately not
been identified. ATM1 may translocate compounds, which directly or
indirectly act as precursors or factors for the maturation of cytosolic
iron–sulfur cluster proteins. Based on the observation that iron
accumulates in ATM1 deficient mitochondria, it was first assumed
that the transporter is involved in exporting an iron-chelating
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molecule. However, ATM1 dependent iron transport has not been
observed so far. Thus it is under discussion whether the accumulation
of iron indeed is a prime consequence of ATM1 depletion. Recently, it
was shown that compounds displaying free sulfhydryl groups, e.g.
cysteine containing peptides such as glutathione, cofactors such as
coenzyme A, or organic substances such as dithiothreitol, stimulated
the ATPase activity of ATM1. Based on these findings it was
speculated that ATM1 is involved in transport of cysteine enriched
peptidic molecules that are putative substrates of the Fe/S cluster
assembly machinery [67]. However, the physiological nature of ATM1
substrate remains cloudy and thus must to be a prime target for
future investigations.

In mammals, two mitochondrial ABC transporters ABCB7 and
ABCB6 have been identified to be structural and functional homo-
logues of yeast ATM1 (Fig. 2). Human ABCB7 exhibits 49% sequence
identity to ATM1 of baker's yeast. Interestingly, ABCB7 as well as
ABCB6 appear to complement the growth defects of ATM1 depleted
cells, implying a common role of these two mitochondrial ABC
exporters in cellular iron homeostasis [53,68]. ABCB7 was mapped to
the X-chromosome in mouse and human [69]. ABCB7 shows a
ubiquitous expression pattern, with highest expression in muscle.
Knockout studies in mice revealed that expression of ABCB7 is
essential for early gestation in all tissues, with the exception of liver
and endothelial cells [70]. Expression of mammalian ABCB7 in yeast
restores the growth phenotype of ATM1 depleted cells [53]. The
amount of mitochondrial cytochromes, the content of mitochondrial
iron and glutathione in Δatm1/ABCB7 yeast cells was found to be
similar to that of the wildtype strain. Most importantly, ABCB7 can
complement the function of ATM1 by mediating cytosolic iron–sulfur
biogenesis. Further studies revealed that defects in ABCB7 inhibit the
maturation of cytosolic Fe/S clusters in human cells, giving a possible
link to a role of ABCB7 in XLSA/A, a human disease that is
characterized by loss of cytosolic Fe/S cluster proteins, defects in
heme metabolism and elevated contents of mitochondrial iron [12].
Apart from its essential function in the biogenesis of cytosolic Fe/S
cluster proteins, a putative role of ABCB7 in hematopoesis was
observed [71]. Recent studies revealed an interaction of ABCB7 with
ferrochelatase, which catalyzes the last step of heme synthesis in the
mitochondrial matrix by incorporation of Fe2+ into protoporphyrin IX.
This suggests a putative role for ABCB7 in heme metabolism in
erythroid cells [72]. Down-regulation of ABCB7 by siRNA in HeLa cells
caused a strong reduction of cell proliferation combinedwith cytosolic
iron deprivation. In ABCB7 depleted cells, an increase of mitochondrial
iron that is not accessible by mitochondrial ferritin, an increased
sensitivity to oxidizing agents and an accumulation of protoporphyrin
IX was observed [73]. Collectively, these results imply a putative
function of ABCB7 in regulation of iron incorporation into Fe/S clusters
and heme, and a prime role in cellular iron homeostasis.

7. The role of mammalian ABCB6 in heme biosynthesis

ABCB6 (MTABC3), the second ABC transporter that exhibits strong
sequence homology to ATM1 (Fig. 2), is ubiquitously expressed in rat
and human tissues [68]. Surprisingly, ABCB6 was found in the outer
mitochondrial membrane with its NBDs facing the cytosol, suggesting
a possible function of ABCB6 in energy dependent mitochondrial
import processes [58,59]. Although ABCB6 appears to be a mitochon-
drial outer membrane protein, it can complement the phenotype of
ATM1 depleted yeast cells [68] and is therefore proposed to be an
additional regulator of iron homeostasis in human cells. However,
expression of ABCB6 in Δatm1 cells can only partially restore the
mitochondrial iron level compared to wildtype level. As ABCB6 and
ABCB7 are resident in different mitochondrial membranes, it appears
unlikely that both ABC transporters represent functional homologues.

Apart from its putative role in iron metabolism, additional
functions have been proposed for ABCB6. It was recently reported
that mouse erythroleukemia (MEL) cells exhibit increased transcrip-
tional and translation levels of ABCB6 due to elevation of cellular
porphyrins [58]. ABCB6 binds heme and other tetrapyrrole carbox-
ylates, indicating that the ABC protein may be involved in mitochon-
drial porphyrin uptake [58]. In addition, a putative role of ABCB6 in
resistance to cytotoxic agents was reported. Analysis of the ABCB6
expression profile after drug treatment revealed that an increase of
ABCB6 expression correlates with increased resistance to various
drugs in different cancer cell lines [74]. Therefore ABCB6 is a candidate
for mediating multidrug resistance (MDR) of cancer cells.

In addition to its mitochondrial localization, ABCB6 was also
detected in the plasma membrane with an up-shifted molecular mass
higher than the mitochondrial protein [59]. The reason for dual
localization of ABCB6 is poorly understood but in agreement with
reports that detected the ABC transporter also in red blood cells [75].
Recent studies revealed that ABCB6 is also found in the classical
secretory pathway, in particular in the Golgi apparatus [60]. Notably,
ABCB6 located either in the plasma membrane or mitochondria
transports hemin and pheophorbide (PhA), implying a similar
function of both proteins in transport of heme-like compounds.
ABCB6 in the plasmamembrane may protect cells from toxic effects of
PhA [59], which is found in food [76]. The Golgi ABCB6 is proposed to
transport porphyrin-related compounds, such as Foscan, a drug used
in therapy of certain types of cancer [60], providing a possible link to
ABCB6 induced multidrug resistance. The function of plasma
membrane as well as Golgi localized ABCB6 has to be elucidated by
further investigations.

8. Mitochondrial export of an ambiguous compound
by MDL1/ABCB10

MDL1 was discovered in 1994 by a genetic screen in yeast [77].
MDL1 (695 aa) forms a homodimeric ABC exporter in the inner
mitochondrial membrane [16,20,55]. MDL1 deletion did not display a
phenotype [77]. Langer et al. proposed that MDL1 exports peptides
that are derived from the mitochondrial quality control system into
the inter-membrane space [16]. These degradation products should be
released into the cytosol via the porin VDAC1, where they may be
involved in the communication between mitochondria and their
cellular environment. It has been shown that the release of peptides in
the range of 0.6 to 2.1 kDa was reduced in Δmdl1 mitochondria
compared to wildtype, and that over-expression of MDL1 in Δmdl1
cells restored this defect [16]. However, the physiological relevance of
mitochondrial peptide release via MDL1 is under debate because
mitochondria have evolved additional proteolytic systems that
mediate extrusion of (poly) peptides out of mitochondrial matrix.
Due to this fact it appears likely that MDL1 transports specfic peptidic
factors, which are linked to mitochondrial processes.

To get more insight into the specificity of MDL1, substrate uptake
and substrate-stimulated ATPase assays were performed with MDL1
reconstituted into proteoliposomes as well as with microsomes that
contain leaderless MDL1 [20,55]. Collections of peptides that display a
putative substrate for MDL1 were screened, including combinatorial
peptide libraries [24,78,79], a set of defined peptides such as N-
formylated peptides or fragments of mitochondrially encoded gene
products as well as cysteine containing peptides that have been
shown to stimulate the ATPase activity of ATM1 [67]. However, neither
a substrate-stimulated ATPase nor specific transport activity could be
observed, suggesting that MDL1 is indeed highly specific for a very
small subset of compounds or even for modified peptides that are
largely under-represented in the peptide libraries. We propose that
MDL1 translocates peptidic substrates with additional factors, such as
metal ions or sulfur compounds.

Next to the putative function in mitochondrial peptide release, it
was proposed that MDL1 interacts with the FO/F1-ATP synthase [80],
suggesting a putative role of MDL1 in regulation of respiratory
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function in mitochondria. However, the interaction could not be
confirmed in a detergent screen, including mild detergents such as
digitonin [20]. This leads to the conclusion that the interaction of
MDL1 and the FO/F1-ATP synthase in Triton X-100 micelles is
unspecific. Of note, the co-purification of F-type ATPases has also
been observed in case of other ABC transporters. Therefore, it is
unclear whether MDL1 is directly involved in regulation of respiratory
function by interacting with the FO/F1-ATP synthase.

By using a yeast complementation screen, it was demonstrated
that high-copy expression of MDL1 partially restores the drastic
phenotype of Δatm1 cells [64]. Notably, MDL1 targeted to the ER or
MDL1mutants, which are inactive in ATP binding or hydrolysis, do not
rescue the growth phenotype of ATM1 depleted cells [55]. This implies
that ATM1, ABCB7 and MDL1 have overlapping functions. In addition,
expression of MDL1 in a Δatm1 background drastically increases
resistance to H2O2 [64]. It was therefore proposed that the high copy
suppression of MDL1 is largely due to an effect on resistance to
oxidative stress that occurs as a secondary consequence of iron
accumulation, and not due to a role of MDL1 in delivering precursor
molecules for cytosolic iron–sulfur cluster assembly.
Fig. 5. Characterization ofΔatm1/MDL1mitochondria. The following experiments were perfo
5′-fluoroorotic acid selection plates to generate Δatm1/MDL1 cells [55,64]. (A) Mitochon
hybridization.1 μg of genomic DNA digested by EcoRI was loaded in each lane. DNA probes lab
well as the nuclear and plasmid encoded MDL1. (B) Total mitochondrial extracts (10 μg of
immunoblotting using antibodies against POR1, ATP2, CYC1, COXI and MDL1. (C) Respirat
(middle panel), and Δatm1/MDL1+ATM1 yeast (lower panel) were analyzed by Blue-Native
at a detergent-to-protein ratio of 6 (w/w). Proteins were first separated on a linear acrylami
can be observed as super complexes (S1: III2IV1, S2: III2IV2). The monomer and dimer of the
(subunit of cytochrome c oxidase) and the red arrow shows core proteins I and II of complex
(Su c/a) as described in [91]. Notably, Δatm1/MDL1 mitochondria lack all respiratory chain
To characterize the Δatm1/MDL1s mitochondria, we analyzed
their mitochondrial DNA by Southern blot analysis. Δatm1/MDL1
cells still display the rho0 phenotype of Δatm1 cells (Fig. 5A). In
contrast to the nuclear or plasmid encoded MDL1, the mitochond-
rially encoded COXI and COXIII genes were not detectable in these
cells, suggesting that the mitochondrial DNA is damaged or lost due
to oxidative stress, which is caused by the elevated iron content in
Δatm1/MDL1 mitochondria. These findings were confirmed on the
protein level by immunoblotting (Fig. 5B). Because of the lack of
mitochondrially encoded proteins, the assembly of respiratory chain
complexes is abolished as demonstrated by Blue-Native (BN) PAGE
(Fig. 5C), suggesting that over-expression of MDL1 does not restore
the respiratory deficiency of Δatm1 cells. This is in agreement with
the observation that Δatm1/MDL1 cells are only able to grow on
fermentable carbon sources [64]. Taken together, Δatm1/MDL1
mitochondria are damaged by elevated levels of mitochondrial iron
and oxidative stress. Thus, rather than protecting cells against
oxidative stress, MDL1 and ATM1 have an overlapping substrate
specificity with regard to the delivery of an essential compound for
iron–sulfur cluster synthesis in the cytosol. Whether this compound
rmed in theW303 genetic background. Δatm1/MDL1+ATM1 yeast cells were grown on
drial DNA of wildtype (WT) and Δatm1/MDL1 yeast (Δ) was analyzed by Southern
eled with [α-32P]-dATPwere used to detectmitochondrially encoded COXI and COXIII as
protein) prepared from W303 and Δatm1/MDL1 yeast are analyzed by SDS-PAGE and
ory chain complexes of mitochondria isolated from WT (upper panel), Δatm1/MDL1
-PAGE as described [90]. Mitochondria (100 μg of protein) were solubilized in digitonin
de gel (4–13%) followed by Tricine SDS-PAGE (13%). In S. cerevisiae, complexes III and IV
ATP synthase (complex V) are labeled with VD and VM. The green arrow shows COXI

III. A ring of ten c-subunits and monomeric subunit a associate to a subunit c/a complex
complexes, compared to mitochondria of WT and Δatm1/MDL1+ATM1 cells.
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is a specific peptide, which functions as a precursor or factor for
iron–sulfur cluster maturation, has to be elucidated in further
investigations.

Secondary effects, caused by the elevated iron content, avert the
analysis of MDL1 function in Δatm1/MDL1 cells. Nevertheless, the
genetic complementation screen appears very useful for the investiga-
tion of inactive ATM1 and MDL1 mutants [64] as well as for
identification ATM1 homologues in other eukaryotes, as it was shown
for ABCB7 and ABCB6 [53,68]. By using the complementation screen,we
could identify human ABCB10, as a suppressor of ATM1, whereas ABCB8
cannot complement ATM1 function (S.G., A.Z. & R.T., unpublished data).

Human ABCB10 is expressed in most tissues, with highest
expression level in the bone marrow [81], suggesting a putative role
in hematopoesis [82]. Furthermore, mouse ABCB10 (ABC-me, ABC-
mitochondrial erythroid) is mostly expressed in tissues that are
involved in hematopoesis, such as bone marrow or fetal liver. ABCB10
gene expression is up-regulated during erythropoiesis, leading to the
conclusion that this mitochondrial ABC proteinmaymediate transport
functions that are linked to heme biosynthesis [83]. Whether the
function of the homologous transporter MDL1 is also related to
regulation of heme metabolism in S. cerevisiae and how this process is
linked to the transport of a specific peptidic compound requires future
investigations.

9. Elusive functions of MDL2 and ABCB8

Hardly anything is known about the physiological function of
yeast ABC transporter MDL2. This closest MDL1 homologue (773 aa)
is localized in the inner mitochondrial membrane and forms a
homodimeric complex with a molecular mass of 300 kDa. MDL2
deficient yeast cells show a decreased growth on glycerol containing
media compared to wildtype cells [16]. Recent studies revealed
growth on oleate acid is also reduced in MDL2 deleted cells [84],
suggesting a possible role of MDL2 in regulation of mitochondrial
lipid homeostasis.

Transcription profiles revealed that ABCB8 (M-ABC1) is expressed
in most human tissues. The 60-kDa protein forms a higher molecular
complex of 150 kDa under non-reducing conditions [85]. Co-
immunoprecipitation as well as yeast 2-hybrid screens revealed that
ABCB8 forms a complex with other mitochondrial proteins, including
succinate dehydrogenase, inorganic phosphate carrier, adenine
nucleotide translocator, and ATP synthase [86]. The macromolecular
complex was identified as a mitochondrial ATP-sensitive K+-channel
that seems to be involved in protection of cells against oxidative
stress [14]. However, the mechanism and architectural organization
of the K+-channel in mitochondria is unknown and therefore the
function of ABCB8 is still unclear.

10. Conclusions and future perspectives

Despite their key role in the cellular iron homeostasis, including
the biogenesis of cytosolic iron–sulfur and heme proteins, the
substrate of all mitochondrial ABC systems has not been identified
and remains a large mystery. In order to understand the physiology
and pathogenesis of the processes, this unresolved issue should be of
prime focus of future investigations. ATM1 from S. cerevisiae exhibits
the most severe phenotype observed for ABC transporters in yeast.
Homologues of ATM1 are found in all eukaryotes, underlining their
essential function in iron metabolism. Remarkably, other mitochon-
drial ABC proteins, such as ABCB10, MDL1 as well as ABCB6 can rescue
the drastic growth phenotype of ATM1 deleted yeast cells, implying
that these mitochondrial ABC proteins act as a backup system.
Furthermore, a putative role in heme metabolism has been proposed
for ABCB7, ABCB10 and ABCB6. Due to their conserved homodimeric
architecture, mitochondrial ABC transporters represent interesting
targets for structural studies in order to obtain detailed insight into
the molecular mechanism of the energy coupling via ill-defined
conformational changes. The fascinating promiscuity in subcellular
targeting, in particular of ABCB6, requires further investigation and
may disclose novel strategies of processing and trafficking of these
ABC transporters also in regard to its functional regulation under
various cellular conditions. In this context, the function of unusually
longmitochondrial leader sequence should be addressed. Futurework
may imply novel proteomics approaches to identify interaction
partners and regulation networks to gain a mechanistic under-
standing of complex diseases including metabolic, neurodegenerative
and hematological disorders.
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